A~STRACT A new technique is proposed for computing the active state of striated muscle, based on the three component model of Fenn and Marsh (8) and of Hill (7) . The method permits calculation of the time course of the active state from its peak to the time at which maximum isometric twitch tension is reached. The inlormation required for the calculation can be obtained from a single muscle without moving it from its mount in the lever system. The time course of the active state proved to be a function of the length of the muscle. This length dependency led to the predictions that (a) the length at which maximum force is developed during tetanic stimulation is different from that at which it is developed during a twitch, and (b) the tetanus-twitch tension ratio is a fimction of length. Both predictions were verified in a series of experiments on the rat gracilis anticus muscle at 17.5°C.
Skeletal muscle can be considered to contain a contractile system capable of generating force, mechanically linked to noncontractile elastic elements through which the force is transmitted. For m a n y years, it has been an aim of muscle physiologists to measure the capability of the contractile component to generate force as a function of time, unclouded by the masking effect of the noncontractile elements. The problem arises in its simplest form from the observation that in response to a single stimulus a muscle develops tension relatively slowly, with the m a x i m u m tension during a twitch always substantially less than that exerted by the same muscle during a tetanus. In 1949, Hill (1) coined the term active state to describe the decrease in extensibility of the muscle under isometric conditions after a single supramaximal stimulus. In 1965 Hill wrote with reference to the active state " . . . one begins to wonder whether the term has any exact meaning !" (2) .
It is at least clear that any definition of the active state must by operational. There are in the literature at least four methods of assessing the active state. These methods do not necessarily measure the same thing nor do they measure a239
The Journal of General Physiology Hill's method (1, 3) depends on quick stretch of the muscle at various times after stimulation. H e was interested primarily in determining how quickly muscle reached its full capability for generating tension and h o w long that full capability was maintained. For frog or toad sartorius muscles at 0°C, Hill found that the active state reached its maximum rather abruptly, that this m a x i m u m was approximately equal to the tension exerted during a tetanus, and that it lasted for about 90 msec. Among minor criticisms of this important contribution is the possibility that quick stretch of a contracting muscle m a y itself produce some undesired effect.
A second method, described in 1954 by Macpherson and Willde (4), is aimed primarily at determining the duration of the plateau of m a x i m u m tension of the active state. This method depends on a comparison of t h e rise in tension, under isometric conditions, during a fused double twitch with the rise in tension when the interval between twitches is varied. Duration of the plateau of the active state is taken as the time interval between stimuli at which the two responses become discrete.
A third method, designed in 1954 by Ritchie (5), is intended primarily to determine the descending part or decay of the active state. Hill (1) pointed out that the maximum tension during an isometric twitch coincided with the active state. Indeed, it is the only point at which the twitch and active state coincide. This is a necessary consequence of Hill's definition of the active state because the peak tension is the point at which the change in tension with time is zero. It is the only point at which the contractile element is neither lengthening the series elastic component nor being lengthened by it. A muscle, contracting under isometric conditions, is released a fixed amount at various time intervals after a single stimulus. The maximum force redeveloped after each release is taken to be a point in time on the active state curve. These points can in fact be determined only after the muscle has passed the m a x i m u m tension it reaches during a twitch. They do not describe the initial decay.
The fourth method, described by Ritehie and Wilkie (6), yields the entire course of the active state curve. It is an extension of Ritchie's quick release method with the added feature that the muscle receives multiple stimuli. When the rate of change of tension is zero in response to quick release and repeated stimuli, the tension at that time is a point on the active state curve. This occurs because neither the length of the contractile component nor of the series elastic component is changing.
It is the purpose of this paper to present a new method for determining the time course of an active state, particularly its decay over times preceding m a x i m u m twitch tension. This is an analytical method based on a three component model of muscle. The active state it defines is not necessarily identical with that defined by other methods. The usefulness of this definition will be shown by the facts that: (a) its maximum is the tension the muscle attains during tetanus, and (b) the time course of its decay leads to some experimentally verified predictions concerning maximum twitch tension and contraction time as functions of length and predictions concerning twitch-tetanus ratios.
T H E M O D E L AND M E T H O D OF A N A L Y S I S
It is assumed, as proposed by others, including Hill (7) and Fenn and Marsh (8) , that the mechanical behavior of skeletal muscle can be described by a contractile element in series with a noncontractile elastic component both in VEL~Y, L./me parallel with a noncontractile elastic component. U p o n stimulation the contractile element is altered rapidly to an active state in which it can develop tension or shorten so as to bear a load. W e chose to begin our analysis of the active state by considering the familiar force-velocity curve of muscle (Fig. 1 ). W h y is it that the faster a muscle shortens the less force it exerts? In a sense, the force-velocity curve can be viewed as a measure of the inability of muscle to develop fully the force it is capable of developing isometrically; that is, the muscle trades force for velocity. One can imagine that the force-velocity curve is produced by the active contractile component which develops a force, part of which is transmitted through the muscle so that it exerts tension measurable across the whole muscle, and part of which is dissipated internally as a function of the velocity with which the contractile element shortens. For convenience we can think of the internal dissipation of force as though there were an internal load. The formal expression of the force generated by the contractile component, therefore, has two terms; one is the force developed through the whole muscle and measured externally, the other is the force dissipated internally.
Since the external force is transmitted through the series elastic component, its mechanical analogue is a spring. Since the force dissipated across the internal load is a function of velocity, its mechanical analogue is a viscous element. However, it is not intended that the internal load be identified physiologically for any other purpose as a viscous element.
The method used to develop the active state will be based upon the operational definition that the contractile component is a force generator which is shunted by a velocity-sensitive internal load. The time course of the forcegenerating capability of the contractile component can thus be determined from a few milliseconds after its activation to the time at which the isometric twitch achieves its m a x i m u m tension. For the calculation three experimental curves are required: the isometric twitch tension-time curve, the series elastic load-extension curve, and the isotonic tetanic force-velocity curve.
The following symbols are used. A primed symbol refers to some property of the contractile component whereas an unprimed symbol refers to the same property of the entire muscle; e.g., L r refers to the length of the contractile component whereas L refers to the length of the entire muscle. The equations for isotonic shortening are that the external force is:
Equation (1) indicates that force generated by the contractile component, P0, either appears as tension across the whole muscle, P, or is dissipated through the internal load. Since Pg is a function of contractile component length, L', and of time, t, and B is a function of contractile component length, L', and of the velocity, v', with which the contractile component shortens, P is a function of length, velocity, and time. Equation (2) arises from the fact that force flows through all series elements. Therefore, the force acting across the series elastic component, K(AL), is the same as the force acting across the muscle as a whole.
Under isometric conditions the length, L', of the contractile component was shown to vary by less than 6 % during a twitch (9) . It is therefore assumed as a first approximation that the length of the internal force generator or contractile component is essentially constant, so that Po at any given length, L t, is a function only of time during an isometric twitch. Hence, for an isometric twitch equations (1) and (2) The isotonic tetanic force-velocity curve of the contractile component appears in Fig. 2 (left) . It is one of a family of curves at isopleths of length, L'.
For a given external load, P, the contractile component shortens at velocity v'(P). It is assumed that the m a x i m u m force generated by the contractile component, Pg(Lt), at length L' is the same as the m a x i m u m force measured across a muscle, Po(L' -b AL), at length L' + AL under isometric conditions during a tetanus. In order to determine force as a function of velocity over the full range of force up to Po, needed for calculation of the term B(v'), we must obtain the force-velocity curve of Fig. 2 in response to a tetanus rather than to a twitch because a twitch does not reach Po • In order to use the forcevelocity curve in response to a tetanus to calculate B(v'), we must assume that the internal load is the same for a twitch as for a tetanus. Since we are talking about the velocity with which the contractile component shortens, rather than the velocity with which the muscle shortens, it is assumed that no difference exists between the tetanic force-velocity curve and the peak twitch force-
velocity curve of the contractile element. The internal load behaves as though it dissipates the difference between the full force generated by the contractile component, Pg(Lr), and the force appearing externally, P. This difference is B(L', v'). As P is varied, the entire curve of [B(v')]L, is generated for a given L'. This curve is obtained simply by rotating the force-velocity curve 180 ° about Pg(L') to yield a mirror image, transforming Fig. 2 (left) to Fig. 2 (right) . The graphical analysis used in determining the active state is given in Fig. 3 . At a given value of time, say 25 msec, the tension of the isometric twitch is 0.32 Po. Since this is also the force across the series elastic compo- Once the velocity-time plot for the contractile component is known, the force dissipated across the internal load can be obtained with the aid of the internal load force-velocity characteristics. The result of this procedure is given in Fig. 4 . Fig. 4 shows that the force across the internal load increases rapidly to 0.81 Po, decaying back to zero in 45 msec. Fig. 4 also displays the isometric twitch tension. T h e twitch reached a m a x i m u m force of 0.38 Po in 45 msec. T h e sum of the isometric twitch tension and the internal load f o r c etime curve is the active state. T h e m a x i m u m value of this active state, 0.92 Po, was 3 % less t h a n the value developed by this muscle d u r i n g an isometric tetanus at this length, 1.15 Lo. This active state has an ill-defined p l a t e a u t h a t persists for a p p r o x i m a t e l y 10 msec, decaying rapidly to the peak of the isometric twitch in 45 msec. T h e value of the force-generating capability of the contractile c o m p o n e n t for times greater t h a n 45 msec was not calculated since the force-extension velocity relationship of the internal load was not determined. It m a y be helpful to repeat or m a k e explicit the m a j o r assumptions on which the analysis is based:
1. Skeletal muscle contains a contractile c o m p o n e n t in series with a noncontractile elastic c o m p o n e n t .
2. W h e n muscle is stimulated there is an a b r u p t change in the contractile c o m p o n e n t such t h a t it is capable of generating force, P g . This force is a function of time a n d of the contractile c o m p o n e n t length. It is not an explicit function of velocity.
3. W h e n the contractile c o m p o n e n t shortens it dissipates some of its
force. This dissipated force is a function of the velocity with which the contractile c o m p o n e n t shortens. T h e dissipation is imagined to occur t h r o u g h an hypothetical internal load. 4. T h e m a g n i t u d e of the internal load for a given over-all muscle length, L, is obtained experimentally from the tetanic force-velocity curve. T h e tetanic force-velocity curve is assumed to be the same as the peak twitch force-velocity curve of the contractile component. 
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M E T H O D S
Experiments were performed on right gracilis anticus muscles from white male Wistar rats, approximately 7 wk old, 140-165 g body weight, fed a normal balanced rat diet. The rats were anesthetized by intraperitoneal injection of sodium pentobarbital, 45 mg/kg. The gracilis anticus muscle was removed with a portion of the tibia and pubis and placed immediately in a bath (16.5°-17.8°C) containing 1500 ml of oxygenated (95 % 02, 5 % CO2) bicarbonate-buffered Krebs-Ringer solution (NaCI, 116.8 raM/liter; NaHCO3,28 raM/liter; CaCI2,2.5 m~/liter; MgSO4,3.1 raM/liter; KC1, 3.5 raM/liter; KH~PO4, 1.2 rr~/liter; and glucose, 11.1 raM/liter; pH, 7.3). Muscles obtained from these animals had a mean wet weight of 60 mg and a mean rest length of 2.7 cm. The muscle was then attached to a lever system (355 mg equivalent mass) described previously (10). This system consisted of an electromechanical torque source, lightweight magnesium lever, velocity and force transducers, and low impedance pulse generator. The gracilis anticus was supramaximally stimulatedby two platinum multielectrode assemblies which set up an electric field normal to the long axis of the muscle. T h e current density was approximately 0.08 a m p / c m 2. Muscles were tetanized with a stimulating frequency of 95 pulses per sec. Pulse duration was 2 msec. All records were displayed on a Tektronix R M 5 6 1 A oscilloscope and recorded on Polaroid type 107 film.
Isometric Experiments
Isometric experiments were performed at 3/~ hr intervals on all muscles. At a given length, the tension developed 180 msec after the onset of stimulation (peak tension for a twitch) was the value used in the length-tension plot (see Fig. 5 ). T h e reproducibility of the isometric length-tension curve served as a measure of the viability 
Isotonic Experiments
Isotonic afterloaded experiments were performed with a preload not exceeding 3 g. T h e isotonic force-velocity curve was obtained as follows: For lengths equal to or lest than Lo, the muscle was stimulated tetanically so that it began shortening at a length slightly (about 7 %) greater than Lo. Length-velocity phase trajectories were displayed on an oscilloscope and photographed. T h e instantaneous velocity at each isotonic load was then determined at any desired length equal to or less than Lo. For lengths greater than Lo, the procedure was similar except that the initial length was slightly greater than the largest length at which it was desired to measure velocity. For reasons given elsewhere (9) , this method of determining force-velocity curves underestimates velocity at shorter lengths, and the degree of underestimation increases with load. This error can be avoided by determining veloci=y only at initial length but this has the disadvantage of requiring m a n y more experiments. T h e error can be corrected by applying a calculated relation between the relative loss of velocity and
the number of stimulating pulses delivered to the muscle by the time it attains a given length (9) .
Quick Release Experiments
The characteristics of the series elastic component were obtained by a method similar to that outlined by Wilkie (11) . This procedure consists of releasing a supramaximally stimulated muscle from isometric conditions to some fixed isotonic load. The instantaneous shortening that occurs because of this decrement in load is taken as the extension of the series elastic component. The extension determined by this method was FIGURE 6. Records showing the effect of a quick change of load (from isometric to a fixed isotonic level), a, force; b, length; base lines are given for both. X axis is time in milliseconds; Y axis is either force in grams or length in millimeters. Data from a 64 mg rat gracilis, stimulated at 95 pulses per sec. Bath temperature = 17.6°C; Lo = 2.6 cm; Po = 30 g. then corrected to eliminate the effect of the mass of the lever system and muscle (9) . The correction for mass of the lever system amounted to an increase of about 1% of rest length in extension of the series elastic component. A minimum of nine quick releases was performed on each muscle.
R E S U L T S
Results of a typical experiment have already been given to illustrate the analytical method. Fig. 5 is a record of an isometric tetanus and a twitch. Fig. 6 is a record of a quick release experiment to illustrate the resolving power of the technique. Fig. 7 gives m e a n results of quick release experiments on five muscles.
T h e time course of the active state, [Pg(t)~ L, , calculated as described in the section on M e t h o d s of Analysis, is illustrated in Fig. 4 . T h e r e was no b r o a d plateau of peak activity. Peak activity occurred in a b o u t 15 msec, a n d activity decayed rather rapidly, until the peak of the isometric twitch tension was reached at a b o u t 45 msec, or 30 msec after the peak of the active state.
It was expected that the peak of the active state would be a function of length, because m a x i m u m isometric tetanic tension is a function of length. T h e peak of the calculated active state at a given length was always within 5 % of the isometric tetanic tension at that length.
But it was also found, in agreement with previous reports by Hartree and Hill (12) , Ritchie (5), and Jewell and Wilkie (13) , that the decay of the active state was also a function of length. A semilogarithmic plot of active state tension vs. time clarifies this relation, as illustrated in Fig. 8 . After an initial transient, the active state decays more or less exponentially. The time constant of decay was about the same for lengths equal to or less than Lo, but it was always greater for lengths longer than Lo. If the decay of the active state is a function of length, then three predictions can be made:
1. The maximum tension developed during an isometric twitch should occur at a length greater than Lo. Despite the fact that peak active state tension is less at longer lengths, the decay of the active state is retarded so that by the time peak twitch tension is reached, some 40 msec or so after stimulus, the residual active state tension is greater at the longer length, as shown in Fig. 8 . This prediction was shown to be true. In Fig. 9 are shown curves of tetanic tension as a function of length and peak twitch tension as a function of length. The greatest peak twitch tension occurs at a length about 2 m m longer than peak tetanic tension. 2. Contraction time, defined as the time required for an isometric twitch to reach maximum tension, should be a function of length, particularly for lengths greater than Lo. This is verified by the data plotted 3. The ratio of isometric tetanic tension to peak isometric twitch tension should decrease as length increases, because at shorter lengths the active state starts from a smaller peak than at rest length and decays at about the same rate, so that active state tension is always greater at rest length than at shorter lengths. At longer lengths the active state L~o LENGTH, cm over a range in which it was not well-defined by these methods, though defined by the method of Ritchie and Wilkie (6) . It has the advantage that the time course of the active state can be estimated at different muscle lengths with relative ease, once the basic experimental setup is in use. A striking feature of the result is that, as recognized by Hartree and Hill (12), Ritchie (5), and Jewell and Wilkie (13) , the decay of the active state of skeletal muscle is a function of muscle length. This observation can explain the facts that the curve relating peak twitch tension to muscle length has its m a x i m u m at a length greater than Lo, that the time required for a twitch to reach peak tension increases with muscle length, particularly for lengths greater than Lo, and that the tetanus-twitch ratio decreases as muscle length increases.
The unique feature of the proposed model lies in the hypothesis that the contractile element is a force generator containing an internal load through which force is dissipated as a function of velocity. The quantitative relation between velocity and internal load is obtained experimentally from conventional force-velocity curves, in which the internal load at a given length is defined as the difference between the maximum force the muscle can exert at that length and the applied or external load.
The model presented in this paper may be examined with regard to the currently popular "sliding filaments-A-I interfilament bridges" model of muscle contraction (14) . This model of muscle contraction relates the force developed by the contractile component to the number of cyclic bridges formed between the A and I band myofilaments. If each successful bridge can be equated to a force, then the force generator developed in our model can be considered the net ensemble of these completed A-I interfilament bridges. For a partial agreement to exist between the models, the force developed by each bridge would merely have to be independent of the velocity with which the myofilaments were sliding past each other.
The ultrastructure of striated muscle is very suggestive of a velocity-dependent load, since an assembly of interdigitating filaments separated by a viscous fluid should have an appreciable viscous drag at high filament velocities. If the internal load developed in our model were caused entirely by this structural viscous effect of the sliding filaments, then shortening muscle should liberate an amount of heat that is proportional to the energy dissipated in this element. Unfortunately such a finding has not appeared in the literature (7, 15) .
However, this does not necessarily disprove our model. For although the internal load has been operationally defined as a viscous force, it need not have a viscous morphologic counterpart. It could, for example, be an assembly of chemical reactions that are concerned with the conservation of mechanical potential energy. There is some justification for this type of formulation since Abbott et al. (16) have shown that under certain circumstances some mechanical energy appears to be converted into chemical potential energy. Such an internal load could in practice turn out to be a very "heatless" dashpot. Received for publication 27 July 1966. 
